Hovenia acerba Lindl. is a perennial tree of Rhamnaceae family. In the present study, four solvents (80% methanol, ethyl acetate, n-hexane, and water) were used to extract the compounds of Hovenia acerba Lindl. peduncles (HAP). The total contents of phenolics and tannins (TPC and TTC), as well as their antioxidant activities (DPPH, ABTS, and FRAP) of these four different extracts including 80% methanol extract (ME), ethyl acetate extract (EE), n-hexane extract (HE) and water extract (WE) were compared. The antioxidant activities of HAP showed positive correlations with TPC and TTC, indicating that phenolics maybe a major contributor to the antioxidant activities of HAP. The significant difference between antioxidant activities and TPC/TTC implied the respective contribution extent of phenolics for the antioxidant activities of four solvent extracts. Besides, a total of 117 compounds, including 7 oligosaccharides, 11 organic acids, 41 phenolics, 1 steroids, 25 terpenes, 11 fatty acids, 9 amino acids, and 12 other compounds were identified or tentatively characterized in HAP for the first time. Among them, 23 bioactive constituents, including 4 organic acids, 5 phenolic acids, and 14 flavonoids, were quantified. The comparison of characterization and quantitation of 4 extracts demonstrated that 80% methanol showed the widest range of selectivity for both HAP flavonoid aglycones and glycosides, while ethyl acetate preferred to extract the flavonoids aglycone from HAP. Secondly, water and 80% methanol were excellent solvents for the extraction of phenolic acids. And both ethyl acetate and 80% methanol perform well at the extraction of terpenes and steroids.
Introduction
Hovenia acerba Lindl. (HA), Hovenia trichocarpa (HT), and Hovenia dulcis Thunb. (HD), belonging to Rhamnaceae family, are perennial trees with deciduous large-leaves. They are native species in East Asia, including China, Japan, and Korea. Although the leaves, inflorescences, and flowers of HA, HT, and HD are different in plant taxonomy, they belong to the same genus (Hovenia), the peduncles of them are the main edible parts and their functional activities are similar. Herein, HA and HD are more widely cultivated and consumed as fruit or herb with extensively studied health effects such as accelerating detoxification of ethanol, hepatoprotective, antioxidative, antimicrobial, anti-hyperlipidaemia, and antidiabetic properties. [1] [2] [3] In traditional medicine formula, the peduncles of Hovenia acerba Lindl. (HAP) and Hovenia dulcis Thunb. (HDP) are generally used as the febrifuge, laxative, and diuretic agent, which nowadays have been also developed as functional food and dietary supplement such as fermented juice, vinegar, syrup, or capsule. [3] In last several years, enormous studies were focused on the health benefits of common vegetables and fruits on the basis of their certain bioactive constituents such as phenolics, polyphenols, and saponins. HDP and HAP are also rich in phenolic compounds, polysaccharides, sterenes, and terpenes which are verified as a group of predominated bioactive compounds. Representatively, different polysaccharide fractions were separated and purified from HDP and proved with significant hepatoprotective and immunostimulatory activities. [4] And all of the flavonoids, organic acids, and some other low-molecular-weight compounds including amino acids, terpenes, and its glycosides derivatives in HDP were thought as a potential contributor to antioxidant activity. [1, [5] [6] [7] [8] [9] However, the chemical ingredients analysis of Hovenia genus plant especially of HA is still scarce. In the present study, LC-QTOF-MS (liquid chromatography orthogonal acceleration quadrupole time-offlight mass spectrometry) and LC-QqQ-MS (liquid chromatography triple quadrupole tandem mass spectrometry) are employed to better analyse the full profile of small-size macronutrients and phytochemicals in HAP. [10] Moreover, the chemical compositions and bioactivities of plant extract varied with different extraction solvents. One of the main causes is that the selectivity of solvents on extracting specific compounds is diverse, which is positively correlated with the similarity between the polarity of targeted compounds and solvents. Exemplarily, higher contents of chlorogenic acid in Helianthus annuus L. were found in the aqueous alcohol and water extracts rather than that in ethyl acetate extract, which was due to the higher similarity between chlorogenic acid and methanol/water. [11] Similarly, higher catechin and lower epicatechin contents were found in 80% acetone extract of Hordeum vulgare L than that in 80% methanol extract. [12] Moreover, a previous study on Matricaria pubescens showed that the extraction yield of phenolics ranged from 5.05% to 34.68% with different extraction solvents (50% acetone, 100% acetone, water, and 50% ethanol), and 50% ethanol ranked first in not only the extract yield but also the total phenolic content (TPC) and antioxidant activities, followed by those of 50% acetone, water, and 100% acetone. [13] As well, it was reported that the TPC of 90% methanol and water extracts of Helianthus annuus (2522.5 mg GAE/100 g DW and 2455.8 mg GAE/100 g DW, respectively) were significantly higher than those of 50% ethanol (1760.7 mg GAE/100g DW) and ethyl acetate (141.5 mg GAE/100 g DW). [11] The study in Tetrastigma hemsleyanum also reported that 80% methanol extract higher contents of phytochemicals with greater antioxidant activities than those of ethyl acetate and hexane. [14] These reports above suggested that solvents could significantly affect the targeted compound content of plant extracts.
Generally, hexane is usually used to extract the lipophilic bioactive ingredients (carotenoids, tocopherols, phenolic lipids, phytosterols, and polyunsaturated fatty acids). However, it is not suitable to extract the hydrophilic compounds such as non-aromatic organic acids, flavonoids, and phenolic acids. On the other hand, ethyl acetate is relatively low hydrophilic even if it is less hydrophobic than hexane, thus it prefers to extract the compounds in polarity between hexane and methanol such as low-polar phenolics (flavonoid aglycones and phenolic acid esters) and steroids with fewer impurities such as organic acids and saccharides. Though several bioactive studies of HAP extracts have been conducted, few studies focused on the effects of different solvents on the extraction of individual chemical constituents of HAP. Therefore, to unveil the full ingredient profiles and the main bioactivity contributors of HAP, as well as to investigate the effects of different solvents on the individual chemical constituents of HAP, solvents in various polarity including ethyl acetate and n-hexane, as well as water and 80% methanol should be applied.
In this study, a total of four different solvents (80% methanol, ethyl acetate, n-hexane, and water) were used to extract the chemical compounds of HAP. The in vitro antioxidant activities (DPPH, ABTS, and FRAP) of these four extracts (80% methanol extract, ME; ethyl acetate extract, EE; hexane extract, HE; and water extract, WE) were also compared. Meanwhile, a combination of UPLC-ESI-QTOF-MS/MS and HPLC-ESI-QqQ-MS/MS method was established to clarify the specific structures of full compound profiles as well as the certain quantity of the main phenolics in these four HAP extracts. And the structure-function relationships between phenolics and the antioxidant activities of HAP extracts were emphatically discussed.
Materials and methods

Plant materials
Hovenia acerba Lindl. peduncles were purchased from a local grocery store in Nanchang, Jiangxi Province, China, in April 2015. HAPs were collected, washed, cut into small pieces, and ground with a commercial blender (Philips, Netherlands) to obtain a homogeneous paste. Approximately 100 g of this paste was air-dried at 40°C with an electro-thermostatic blast oven (Cimo, China) and ground into a fine powder. These materials were stored at −80°C prior to analysis.
Chemicals and reagents
2,2-Diphenyl-1-picrylhydrazyl radical (DPPH), Folin-Ciocalteu reagent, gallic acid, 1,3,5-tri(2-pyridyl)-2,4,6-triazine (TPTZ), 2,2ʹ-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid; ABTS), catechin and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were purchased from Sigma Co. (St. Louis, MO, USA). All the standards including citric acid, malic acid, abscisic acid, p-hydroxybenzoic acid, ferulic acid, isoferulic acid, quinic acid, chlorogenic acid, protocatechuic acid, apigenin, naringenin, quercetin, taxifolin, gallocatechin, epigallocatechin, myricetin, ampelopsin, rutin, naringenin-7-O-glucoside, chrysin, genistein, and epicatechin were purchased from Shanghai Aladdin Reagents Co. (Shanghai, China). Methanol, ethyl acetate, n-hexane, acetonitrile, and hydrochloric acid (HCl) were purchased from Merck (Darmstadt, Germany). Formic acid was purchased from ACROS Organics (Morris, IL, USA). Sodium acetate, ferric chloride hexahydrate (FeCl 3 ·6H 2 O), potassium persulfate (K 2 S 2 O 8 ), sodium phosphate monobasic, and sodium phosphate dibasic were purchased from Xilong Chemical Co. (Guangzhou, China).
Sample extraction
Briefly, the air-dried HAP powder (2.0 g) was accurately weighed and extracted with 40 mL solvent (80% methanol, ethyl acetate, n-hexane, or water) by ultrasonic extraction for 30 min (400 w, 22 Hz, repeated twice, GA92-IID, Wuxi, China). The mixture was centrifuged at 4200 rpm for 15 min (Sorvall SL16 centrifuge, Thermo Scientific, USA). The extraction was repeated for 3 times and the supernatants were combined, topped up to 120 mL, and filtered through a 0.45-µm PTFE membrane filter (Agilent Technologies, USA). The filtrate was used as a crude extract for the further analysis of LC-MS/MS, TPC, TTC, and antioxidant activities.
Total phenolic contents
The TPC of the extract was estimated using the Folin-Ciocalteu method. [15] In brief, 25 μL gallic acid standard or sample was mixed with 125 μL 0.2 M Folin-Ciocalteu reagents in a 96-well plate and incubated for 6 min at 37°C in a MCO-15AC constant temperature incubator (SANYO Electric Co., Ltd., Osaka, Japan). Then, 125 μL saturated sodium carbonate (Na 2 CO 3 ) solution was added and allowed to react for 15 min at 37°C before the absorbance was recorded at 765 nm using a Synergy HTX microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The TPC was expressed as milligram gallic acid equivalent per gram of dry weight HAP (mg GAE/g DW). The linearity range of the calibration curve was 0.025-1.6 mg/mL (R 2 = 0.9992).
Total tannin contents
The total tannin content (TTC) was determined by vanillin-sulphuric acid colorimetric method. [15] Briefly, 40 μL extract of HAP or standard was mixed with 200 μL of vanillin reagent (containing 1% vanillin and 2.5 M H 2 SO 4 in methanol) in a 96-well microplate (Synergy HTX, BioTek Instruments, Inc., Winooski, VT, USA) and allowed to stand for 20 min at room temperature. The absorbance was recorded at 515 nm and the result was expressed as milligram catechin equivalents per gram of dry weight HAP (mg CAE/g DW) using the calibration curve of (+)-catechin. The linearity range of the calibration curve was 0.0125-1.0 mg/mL (R 2 = 0.9947).
Antioxidant activities
DPPH radical scavenging activity: the DPPH antioxidant activity was determined by a microplate reader (Synergy HTX, BioTek Instruments, Inc.,Winooski, VT, USA) scaled down from a previous method. [6] Briefly, 200 μL of a methanolic solution of DPPH (300 μg/mL) was mixed with 15 μL of HAP extract or a standard solution (12.5-1000 μM Trolox) in a 96-well plate. The mixture was allowed to react for 30 min at room temperature before the absorbance was recorded at 490 nm. DPPH antioxidant activities were calculated as micromole of Trolox equivalent per gram of dry weight HAP (μmol TE/g DW, R 2 = 0.9989). ABTS radical scavenging activity: ABTS radical scavenging activity was evaluated adapted from the previous method.
[ 10] The stock solutions included 0. Mass Spectrometric Conditions: a 6538 Accurate-Mass QTOF LC/MS system (Agilent Technologies, USA) was equipped with an orthogonal electrospray ionization source (ESI). The ESI source was operated in negative ions mode, and full scan mass spectral data were acquired from m/z 100 to 1700. The optimum source parameters were as follows: capillary voltage (+ 4.0 kV); drying gas flow (10.0 L/min); drying gas temperature (350°C); nebulizing gas pressure (40 psi).
Moreover, the pseudomolecular ions [M-H]
− were selected as precursor ions and subjected to MS/ MS analysis. The collision energy was set at 20 eV, and the fragmentor voltage was 175 V, using nitrogen as a collision gas.
Quantitative analysis by LC-ESI-QqQ-MS/MS
Liquid chromatographic conditions: a 6430 QqQ LC/MS triple quadrupole system (Agilent Technologies, USA) coupled with an Agilent 1260 HPLC system (Agilent Technologies, USA) was used for the quantitative analysis. The LC conditions were the same as 2.7.1. Mass spectrometric conditions: a 6430 QqQ LC/MS system equipped with an ESI source was operated in negative ion multiple reaction monitoring (MRM) mode. The optimum source parameters were as follows: capillary voltage (+4.0 kV); drying gas flow (11.0 L/min); drying gas temperature (300°C); nebulizing gas pressure (15 psi). The fragment voltages and collision energies were optimized individually for each transition and two fragment ions were chosen for the qualitative monitor, and one for the quantitative monitor.
Calibration and quantification of organic acids and phenolics: to prepare a specific calibration plot, all of the 23 standards were accurately weighted by a Mettler Toledo XS105 analytical balance (Mettler Toledo, Inc., Greifensee, Zurich, Switzerland) and dissolved in methanol. The calibration curves were made by injecting each external standard solution in triplicate at concentrations of 0-100 μg/mL.
Statistical analysis
Results were expressed as means ± standard deviations of three independent extractions. The LC-MS data were acquired and analysed by the software MassHunter Acquisition B.03.01, Qualitative Analysis B.03.01 and Quantitative Analysis B.03.02. Other data were analysed by the SPSS statistical software, version 18.0 (SPSS Inc., USA). Statistical analysis was performed using one-way analysis of variance (ANOVA), followed by Duncan's multiple range tests to determine significant differences at the level of P < 0.05. Regression analysis was used to determine the correlation between two datasets.
Results
TPC and TTC
It has been reported that the HDP extracts extracted by different solvents yielded a wide range of phenolic extraction efficiency (18.7% by water, 14.3% by methanol, 4.3% by ethyl acetate, 3.5% by chloroform). [16] In the present study, the highest extraction yield of 4 HAP extracts was conducted by 80% methanol (61.35%), followed by water (40.99%), hexane (8.88%), and ethyl acetate (2.58%). Maieves et al. reported that the TPC of HDP ranged from 4.32 to 17.78 mg GAE/g DW and the total flavonoid content changed from 0.42 to 13.54 mg CAE/g DW at different maturation stages. [6] Hu et al. also reported that the TPC of HDP extracts ranged from 1.42 to 13.21 mg tannic acid equivalents (or mg TAE)/g DW. [16] But there was no analogous report on the HAP until present study. As shown in Table 1 , ME has the highest TPC value (12.46 mg GAE/g DW), which was significantly higher than that of WE (5.06 mg GAE/g DW), HE (1.24 mg GAE/g DW), and EE (1.12 mg GAE/g DW). And the highest TTC of HAP was found in ME (11.17 mg CAE/g DW), followed by WE (6.78 mg CAE/g DW), HE (5.46 mg CAE/g DW), and EE (1.03 mg CAE/g DW). For both TPC and TTC, there was no significant difference between HE and EE (P > 0.05).
According to the "like dissolve like" principle, the extraction efficiency of a certain compound extracted by different solvents is directly related to the compatibility between this compound and the solvent system. [17] In this study, both 80% methanol and water showed great extraction efficiency in extracting phenolics and tannins of HAP. And the former performed the best in all of the four solvents. Therefore, the results of TPC and TTC in the present study agreed with most of the data reported previously, 80% methanol extracted the higher amount of phenolics and tannins from HAP than other solvents.
Antioxidant activities
In the present study, the antioxidant activities of HAP extracts were assessed by three different methods: DPPH, ABTS, and FRAP. As the results showed, ME of HAP had the highest DPPH value (60.95 μmol TE/g DW), followed by WE, HE, and EE (31.24, 5.31, 2.10 μmol TE/g DW, respectively, Table 1 ). The sequence of the antioxidant ability of different extracts was the same as those of TPC and TTC in HAP (ME > WE > HE > EE). Moreover, the values of ABTS and FRAP were in the degressive order of ME (59.38 μmol TE/g DW, 82.43 μmol FE/g DW), water (22.06 μmol TE/g DW, 20.47 μmol FE/g DW), n-hexone (3.62 μmol TE/g DW, 4.72 μmol FE/g DW), and EE (1.21 μmol TE/ g DW, 4.32 μmol FE/g DW, Table 1 ), which showed an identical order with those of DPPH antioxidant activity.
HDP extracts were reported to have good antioxidant activities (DPPH: 2.88-32.33 μmol TE/g DW; ABTS: 10.92-115.24 μmol TE/g DW; FRAP: 10.55-59.57 μmol TE/g DW), which was considered as the contribution of phenolic compounds, organic acids, and polysaccharides. [6, 16] While few studies provided the corresponding data about HAP. In our study, there were significant positive correlations between TPC and antioxidant activities of HAP extracts (DPPH: R 2 = 0.9781, P < 0.05; ABTS: R 2 = 0.9992, P < 0.01; FRAP: R 2 = 0.9783, P < 0.05), which proving that phenolic compounds were the main contributors of excellent antioxidant activities of HAP.
Characterization of chemical constituents of HAP by UPLC-ESI-QTOF-MS
According to previous reports, only a total of 12 compounds (hovenin A-D, kaempferol, 4ʹ,5,7-trihydroxy-3ʹ,5ʹ-dimethoxyflavonoe, vanillic acid, emodin, apigenin, quercetin, myricetin, and taxifolin) were found in the seeds of HA, while other four compounds (saponin C 2 , hovacerboside A 1 , coumaroylquinic acid, and 4-hydroxy-N-methylproline) were detected in its leaves. [2] And the full phytochemical data of HAP is still under a shortage. On the other side, although the phenolics in ME have been recognized above as the major contributors to the antioxidant activities of HAP, a few other chemical constituents in low amount are still cannot be ignored for their outstanding bioactivities published before. Therefore, the full profiles of HAP extracted by different solvents were identified rapidly and accurately by UPLC-ESI-QTOF-MS.
All the identified compounds detected in four HAP extracts were summarized in Tables 2 and S1 (supplemental material). The 67 major antioxidants including phenolics and sapogenins (terpenes and steroids) were found in HAP (Table 2) , and the other phytochemical ingredients were listed in Table S1 . These chemical constituents in HAP were identified based on their retention times (t R ), UV spectra, MS n data, fragmentation pattern and compared with published literature and/or standards. A total of 117 compounds, including 7 oligosaccharides, 11 organic acids, 11 phenolic acids, 30 flavonoids, 1 steroids, 25 terpenes, 11 fatty acids, 9 amino acids, and 12 other compounds, were identified or tentatively identified in HAP for the first time. The total ion chromatograms (TIC) and DAD chromatogram at 280 nm of ME were shown in Figure 1 , while those of the other extracts (HE, WE, EE) were placed in supplemental materials ( Figure S1-S3) . The MS/MS spectra, chemical structures, and fragmentation patterns of several representative compounds were shown in Figure 2 and S4. The details of 117 compounds were described as follows. (Figure 2c ), chlorogenic acid, p-hydroxybenzoic acid, ferulic acid, and isoferulic acid (Figure 2d) , respectively, by comparing with acid-methyl ester (woodorien). [20] Compounds 20 (t R 8.581 min, m/z 223.0243) and 62 (t R 2.16 min, m/z 337.0933) were tentatively assigned to 2,4-dihydroxy-6-pyruvylbenzoic acid and 4-p-coumaroylquinic acid according to the predicted molecular formula (C 10 [21] Among these 11 phenolic acids, woodorien, 2,4-dihydroxy-6-pyruvylbenzoic acid, chlorogenic acid, ethyl gallate, 4-p-coumaroylquinic acid, and 3-(4-methoxyphenyl) propanoic acid vicianoside were identified in ME and WE, while protocatechuic acid, protocatechuic acid hexoside, p-hydroxybenzoic acid, ferulic acid, and isoferulic acid could be found in ME, EE, and WE, and no phenolic acid was found in HE (Table 2) .
Phenolic acids
Flavonoids
The antioxidant, anti-inflammatory, and antiproliferative activities of flavonoids have been reported before. [14] A total of 30 flavonoids, including 14 flavones, 6 flavanones, 7 flavanes and 3 aurones, were found in HAP ( Table 2 , and 118 were identified as quercetin 3-glucoside-7-rutinoside, 3ʹ-O-methylmyricetin, quercetin 3-neohesperidoside-7-rhamnoside, myricetin-rutinoside and myricetin-hexoside, myricetin-rhamnoside, kumatakenin, and 3-hydroxy-2ʹ,4ʹ,7-trimethoxyflavone according to their MS 1 and/or MS 2 data, as well as UV spectrum. [22] [23] [24] [25] [26] Among these 14 flavones, 3ʹ-O-methylmyricetin and myricetin were only found in ME, while chrysin, apigenin, 3-hydroxy-2ʹ,4ʹ,7-trimethoxyflavone, and genistein were only identified in EE. Kumatakenin and quercetin were found in both ME and EE, while other flavones including quercetin 3-glucoside-7-rutinoside, quercetin 3-neohesperidoside-7-rhamnoside, myricetin-rutinoside, myricetin-hexoside, rutin, and myricetin-rhamnoside were observed in either ME or WE.
Flavanones and derivatives: Compounds 46, 56, 115, and 123 were identified as dihydromyricetin (Figure 2f) , dihydroquercetin, naringenin, and naringenin-7-O-glucoside compared with the commercial standards. Compounds 24 and 116 were characterized as dihydroquercetin-O-rutinoside and dihydrochrysin. [27] Among these six flavanones, dihydroquercetin-O-rutinoside was only found in ME. Naringenin could only be detected in EE and dihydrochrysin was found in both of ME and EE. Dihydromyricetin and naringenin-7-O-glucoside were found in all the ME, EE, and WE, while dihydroquercetin was found in both ME and WE.
Flavanes and derivatives: Compounds 21, 22, 109, and 122 were identified as epigallocatechin, epicatechin, gallocatechin, and catechin (Figure 2g ). Compounds 11 and 13 were identified as epigallocatechin dimer and an unsure epigallocatechin derivative. And Compound 17 was suggested as procyanidin B.
[10] Among these 7 flavanes, epigallocatechin dimer was only present in ME, while the unsure epigallocatechin derivatives (compound 13) and epigallocatechin were detected in both of ME and WE. Epicatechin, procyanidin B, gallocatechin, and catechin could be found in all the ME, EE, and WE.
Three aurones and derivatives: Compounds 42, 45, and 64 were identified as maesopsin 4-Oglucoside (hovetrichoside C), maesopsin 4-O-glucoside-4ʹ-O-rhamnoside (hovetrichoside D), and maesopsin, respectively. [28] All these three aurones could be detected in ME of HAP, but only maesopsin 4-O-glucoside-4ʹ-O-rhamnoside was found in EE.
Terpenes and steroids
Terpenes and steroids have higher molecular weights and less polar functional groups, resulting in the lower water solubility and longer retention time (30- (Figure 2h ), hovenidulcigenin A, jujubogenin (Figure 2i ), fupenzic acid, ceanothic acid (Figure 2j ), 3-O-coumaroylarjunolic acid, gypsogenin, ursonic acid, pyracrenic acid, segetalic acid, hovenidulcigenin B, ganoderic acid H, 3-O-protocatechuoylceanothic acid, zizyberenalic acid, ganoderic acid TR, 3-dehydroxy ceanothetric acid, oleanolic acid (Figure 2k) , ganoderic acid V, maslinic acid, helicterilic acid, abrisapogenol I, polygalic acid, and platanic acid, respectively. [29] Terpenes and steroids are distributed throughout various plants as free saponin aglycones and have long been known to have a number of biological effects, such as antioxidant, antitumor, and antimicrobial activities. [7, 30, 31] Most of these compounds (except polygalic acid and ganoderic acid H) were found in ME and EE. Polygalic acid could only be detected in ethyl acetate, and ganoderic acid H was only found in ME. Fupenzic acid, gypsogenin, ursonic acid, hovenidulcigenin B, 3-Oprotocatechuoylceanothic acid, zizyberenalic acid, ganoderic acid TR, oleanolic acid, and ganoderic acid V were monitored in not only ME and EE but also hexane.
Organic acids, oligosaccharides, fatty acids, amino acids, and other compounds A total of 11 organic acids (malic acid, citric acid/ Figure 2b , abscisic acid, quinic acid, gluconic acid, succinic acid, xylonic acid, sanleng acid, adipic acid, benzoic acid, and azelaic acid), 7 hexose derivatives (gentiobiose/ Figure 2a , gentianose, gentiobiose/gentianose, yuheinoside, sucrose-6-acetic ester, tetra-O-acetyl-deoxy-D-glucopyranose and sucrose 4,6-methyl orthoester), 10 fatty acids (dihydroxyoctadecadienoic acid, traumatic acid, dihydroxy octadecenoic acid, 9-hydroxy octadecatrienoic acid, 9-hydroxy-10,12-octadecadienoic acid, linolenic acid, linoleic acid, palmitic acid, oleic acid, and stearic acid), 9 amino acids (6-aminohexanoic acid, glycylglycine, fructosyl phenylalanine, fructosyl leucine/isoleucine, tyrosine, pyroglutamic acid, L-glutamic acid, tryptophan, and fructosyl aspartic acid) and 12 other compounds (cordine, cimidahurinine, hovetrichoside G, 6-maleimidocaproic acid, 6,7-dihydroxycoumarin and polydatin, guanosine, uridine, gingerglycolipid B, petrosyne Ia, loganin, and heptaoxatricosanedioic acid) were identified in HAP. The details could be checked in Table S1 .
In the present study, 117 compounds were firstly and comprehensively detected in HAP relied on not 1 but 4 solvents with their own characteristics and preferences in extracting bioactive constituents. As the present result of ingredients characterization showed, most of these 11 fatty acids (with the lowest polarity) could be found in all the HE, ME, and EE but not WE. Their higher solubility of fatty acids might be attributed to the same groups (alkyl/hydroxyl/acyl) existing between fatty acids and hexane/methanol/ethyl acetate. Similarly, it is more efficient for low polar compounds such as terpenes extracted by ethyl acetate, hexane and even 80% methanol, mainly due to their long carbon chain (generally 20-40 carbons) along with a small number (3-8) of hydroxyl/carboxyl sides. And water preferred to extract the medium-high polar compounds such as saccharides, organic acids, and amino acids with a high ionization property. These similar groups between compounds and solvents enable these compounds to dissolve. In consideration of the characterization data as well as TPC and TTC, the extraction preference of four solvents for phenolics of HAP was clarified. Firstly, 80% methanol and water were suggested to possess wider ranges of selectivity for phenolic compounds of HAP and available to extract more content from them. On the contrary, ethyl acetate and hexane showed not only a low extract efficiency but also a narrow selectivity for HAP phenolics, thus most of phenolics detected in EE were flavonoid aglycones. Although the results demonstrated that there were extensive tannins exist in HAP (which was the potential cause of astringency of HAP), there was only a small amount of proanthocyanin dimers detected by UPLC-QTOF-MS in the present study. It implied that these tannins might have a relatively high polymerization degree, beyond the detectable range (m/z at 100-1700) of our LC-QTOF-MS.
Many of the edible wild or cultivated plants have both therapeutic and dietary functions. These plants contain a myriad of bioactive phytochemicals that render their potential beneficial health effects via different mechanisms. These functional phytochemicals could be terpenoids including monoterpenoids, sesquiterpenes, and diterpene, polyphenols including stilbenes, phenolic acids, and flavonoids, and other chemical classes of compounds such as carotenoids and glucosinolates. They are known to influence oxidative stress and modulate cell-signalling pathways, hence may be responsible for anti-inflammatory, anti-cancer, and with neuro-, hepato-, and cardioprotective effects. As present results showed, various phenolic acids and flavonoids were found abundantly in HAP. These phenolics can delay or inhibit oxidative damage, thus preventing the onset of oxidative stress-related diseases in the human body. [15, [32] [33] [34] [35] And the consumption of phenolicsrich food and herbs was inversely associated with the prevalence of chronic diseases including coronary heart disease, type II diabetes mellitus, cardiovascular diseases, cancer, and aging. [36, 37] Besides phenolics, other chemical constituents such as saponin aglycones, fatty acids, and oligosaccharides rich in HAP also exerted diverse biological functions. For example, several unsaturated fatty acids such as linoleic acid and linolenic acid, which are two essential fatty acids involved in many important physiological processes including the formation of phospholipids/arachidonic acid and adjustment of immune function in human. [38, 39] Elevating oleic acid values in obese hypertensive individuals contributed to the impaired endothelium-dependent vasodilation, and 9-hydroxy-10,12-octadecadienoic acid from rice bran was reported to have antitumor activity. [40, 41] Meanwhile, oleanolic acid was also proved to have antiproliferative and antitumor activities in cellular, animal, and clinical studies. [7, 42] Sapogenins were also reported with excellent bioactivity. Jujubogenin saponins isolated from Colubrina retusa L. (Rhamnaceae) showed good antifungal activity against Mycobacterium intracellulare, Candida albicans, Cryptococcus neoformans and Aspergillus fumigatus. [31] Saponins with an acyl residue or oxide-ring moiety showed a strong haemolytic activity. [31] Moreover, other terpenes extracted from the plants of Rhamnaceae (the family of Hovenia acerba Lindl.), such as jujuboside A, jujuboside B, ceanothic acid, and maslinic acid, were reported to have the growth inhibitory effects on human hepatoma cells. [30] Various ganoderic acids were reported to have anticancer, anti-adipogenic, and immunostimulatory activities. [3, 43] Polydatin has been proved to have pharmacological activities, including anti-inflammatory activities, antioxidative-stress effects, and anti-hyperuricemic effects. [44] Corydine is one of the aporphine alkaloids found in many medical plants, which was reported available to suppress tumour cell growth. [45] Therefore, HAP, with various functional compositions, was proved to be a potential source of functional foods.
The characterization of bioactive constituents and their activity investigation of these three Hovenia plants (HA, HD, and HT) have been conducted. Wang et al. reported the purified polysaccharide from HDP presented excellent immunostimulatory activity. [4] Moreover, six triterpene esters were identified in the roots of HD, and their in vitro antiproliferative activity were verified. [29] The stilbene (pinosylvin) constituent of HD branches and in vitro/in vivo anti-allergy potential of these pinosylvin-rich extracts have also been conducted. [46] The structures of six flavonoids (5,7,4ʹ,5ʹ-tetrahydroxy-3ʹ-methoxydihydroflavonol, 5,7,4ʹ,5ʹ-tetrahydroxy-3ʹ-methoxydihydroflavonol, and 5,7,3ʹ,4ʹ,5ʹ-pentahydroxydihydroflavonol ampelopsin, laricetrin, myricetin, and gallocatechin) and five triterpene glycosides (hoduloside III and hovenidulciosides A 1 /A 2 /B 1 / B 2 ) were identified in HDP, and their anti-inflammatory/anti-alcoholic effects were also provided. [47] Furthermore, two organic acids (malic acid and citric acid), three flavonoids (ferulic acid, rutin, and maesopsin) and three saponins (jujubogenin, hovenidulcigenin A, hovenidulcigenin B) have been discovered in the HDP and(or) seeds of HD. [2, 6] Apart from HD, HT is another less prevalent cultivation species of Hovenia genus in East Asia. So far, compounds including 13 phenolic glycosides (hovetrichoside A/B/C/D/E/F/G, (+)-lyoniresinol glucoside, (-)-lyoniresinol glucoside, kelampayoside A, shashenoside I, 3,4,5-trimthoxyphenol-1-xylopyranosyl glucoside, and maesopsin), 3 triterpenes (hovenic acid, hovertrichoside H, and ceanothetric acid) and 1 lignan (acanthoside B) have been reported in the composition study of HT barks. [2, 28, 48] According to Richardson's report, the genus of Hovenia and Ziziphus is the Paliureae tribe, which belongs to the large family of Rhamnaceae. Thus, they are phylogenetically close and the phytochemical compositions of their roots were proved to be very similar. [29, 49] Interestingly, the triterpene compounds, which were originally found in Ziziphus plants with molecular formula at C 30 H 44 O 6 and C 30 H 44 O 5 , can only be detected in HA (compounds 79 and 101) instead of HD and HT. [29] For HA, only 1 anthraquinone (emodin), 1 amino acid (4-hydroxyl-N-methylproline), 1 triterpenes (saponins C2), and 11 phenolics (vanillic acid, 3-O-coumaroylquinic acid, myricetin, ampelopsin, apigenin, 4ʹ,5,7-trihydroxy-3ʹ,5ʹ-dimethoxy flavanone, kaempferol, quercetin, kaempferol-3-O-rhamnosyl galactoside, kaempferol-3-O-rutinoside, quercetin-3-O-rhamnosyl galactoside, and rutin) have been detected in the leaves and seeds of HA before. However, there are no reports about the detailed chemical constituent analysis of HAP. In present qualitative study, 117 compounds, including 7 oligosaccharides, 11 organic acids, 41 phenolics, 1 steroid, 25 terpenes, 11 fatty acids, 9 amino acids, and 12 other compounds were firstly found in HAP. Herein, 111 compounds (except quercetin myricetin, ampelopsin, apigenin, coumaroylquinic acid, and rutin) are newly discovered in HA, and 102 compounds (except quercetin, myricetin, ampelopsin, apigenin, coumaroylquinic acid, rutin, ferulic acid, gallocatechin, maesopsin, hovetrichoside C/D, jujubogenin, hovenidulcigenin A, hovenidulcigenin B, ceanothetric acid B) were firstly detected in Hovenia plants overall.
Quantitative analysis
As previously reported, six organic acids (3520.00 μg/g oxalic acid, 1860.00 μg/g tartaric acid, 880.00 μg/g malic acid, 149.00 μg/g ascorbic acid, 13890.00 μg/g citric acid, and 120.90 μg/g fumaric acid), five triterpenes (18.25 μg/g hovenidulcioside A1, 17.38 μg/g hovenidulcioside B1, 6.00 μg/g hovenidulcioside A2, 7.75 μg/g hovenidulcioside B2, 5.13 μg/g hodulcioside III), and two phenolics (42.03 μg/g ampelopsin and 2.75 μg/g gallocatechin) have been quantified in HDP. But no study provided corresponding quantification data for chemical constituents of HAP.
In the present study, the contents of representative organic acids and phenolic compounds in HAP extracts were determined by HPLC-ESI-QqQ-MS/MS. A total of 23 compounds including 4 organic acids, 5 phenolic acids, and 14 flavonoids were quantified by MRM mode and the results were summarized in Table 3 . Four organic acids in HAP were malic, citric, quinic, and abscisic acids, and they were mainly found in WE and ME. Among them, the highest contents of malic, quinic, and abscisic acids were detected in ME (3525.13, 249.20, and 4.07 μg/g DW), followed by WE (2953.08, 217.44, and 3.62 μg/g DW). However, the highest content of citric acid was found in WE (1117.51 μg/g DW).
The main phenolic acids, including protocatechuic acid (from 0.12 to 1.16 μg/g DW), chlorogenic acid (from 1.76 μg/g DW to 2.15 μg/g DW), p-hydroxybenzoic acid (from 0.41 to 1.96 μg/g DW), ferulic acid (from 1.04 μg/g DW to 4.59 μg/g DW) and isoferulic acid (from 0.81 μg/g DW to 5.54 μg/g DW), were also mainly found in WE and ME.
Similarly, the highest contents of epigallocatechin, epicatechin, ampelopsin, taxifolin, rutin, myricetin, gallocatechin, catechin, naringenin 7-O-glucoside, and quercetin were found in ME (6.28 μg/g DW, 12.43 μg/g DW, 8.40 μg/g DW, 0.51 μg/g DW, 11.45 μg/g DW, 0.12 μg/g DW, 43 .88 μg/g DW, 75.14 μg/g DW, 1.70 μg/g DW, 1.02 μg/g DW, respectively). Moreover, ethyl gallate, myricetin, 3ʹ-O-methylmyricetin, and epigallocatechin derivative were only detected in 80% methanol. It is concluded that 80% methanol could extract more phenolic compounds in both variety and content than the other solvents.
However, several flavonoid aglycones, including apigenin (0.02 μg/g DW), chrysin (3.36 μg/g DW), genistein (0.96 μg/g DW), and naringenin (0.19 μg/g DW), were only detected in the EE, suggesting that ethyl acetate is able to extract higher contents of flavonoid aglycones with medium polarity than other solvents (80% methanol, hexane, and water). Although EE showed a higher percentage of phenolics, such as p-hydroxybenzoic acid, protocatechuic acid, ferulic acid, isoferulic acid, quercetin, and taxifolin, its extraction yield was much lower than those of the other solvents (80% methanol: 61.35%, ethyl acetate: 2.58%, hexane: 8.88%, water: 40.99%). The explanation maybe not only the low quantity of phenolic aglycones existing in HAP but also the relatively high content of phenolic glycosides, organic acids, saccharides, fatty acids, and sapogenins of HAP. nd: none detected.
Conclusion
In conclusion, the effects of extraction solvents on the contents of TPC, TTC, various bioactive compounds (phenolic, terpenes, steroids, fatty acids, amino acids, and saccharides) and antioxidant activities of HAP were evaluated. Results suggested that ME exhibited higher TPC, TTC, and greater antioxidant activities than those of EE, HE, and WE. A total of 117 compounds from 4 HAP extracts were identified by LC-QTOF-MS/MS and most of them were characterized in HAP for the first time. Moreover, 4 organic acids and 19 phenolics were quantified by LC-QqQ-MS/MS. This contribution potentially provided important information in the chemical characterization of other plants in the Hovenia genus. The abundant content of phenolics, terpenes, and sterenes with good antioxidant activities enable HAP to be developed as functional foods, beverages, and food supplements besides consumed as fresh fruits. 
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